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ORIENTATION-DEPENDENT SHOCK RESPONSE OF
EXPLOSIVE CRYSTALS *

J. J. DICK
Group DX-1, MS P952, Los Alamos National Laboratory, Los Alamos, New Mezico 87545 USA

Some orientations of PETN crystals have anomalously high shock initiation sensitivity around 4
to 5 GPa. Results of a series of laser interferometry experiments at 4.2 GPa show that this is
associated with an elastic-plastic, two-wave structure with large elastic precursors. Implications for
the initiation mechanism in single cryvstals is discussed. Initial work on beta phase. monoclinic HMX

is also described.

INTRODUCTION

Anomalous luminescent cmission and initin-
tion of detonation have been observed for two
orientations of single crystals of pentaervthritol
tetranitrate (PETN) in shock experiments near
4 GPa.(1) The crystals were more sensitive at
4.2 GPa than at 8.5 Gpa. From the data avail-
able it was not clear what was responsible for this
anomaly. In additlon to the sensitivity anomaly
observed in wedge experiments, there was an un-
usual intermedlate veloeity transition between the
initinl shock velocity and the final detonation ve-
locity in a weedge experiment on a [110] crystal.
After consideration of these results it seemed that
measuring time-resolved histories at several thick-
nesses through the initintion regime would be very
helpful in clarifving the nature of the anomaly.
Therefore n serles of measurcments of particle vs
time at several thicknesses through the initlation
regiine was nndertaken using velocity interferom-
etry. The results are reported here, ‘The results
indicate that the anomaly is associated with sep-
arated clastic and plastic waves with large elas-
tic precursors, o addition to the [110] experl-
ments. experiments were performed nt .2 GPaon
(101 and [001] orlentations as well. The records
show orlentation dependence in accord with pre-

vious luminescent. experiments and o nodel of

orientation dependence of shoek sensitivity: based
on stetie hindranee to shear(2.1) Intorferometry
experiments were pertorned on {H0] ervstads
*\Work ;u-r-[nrlnul vnder the anspieen ol the 1S Depart .
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stresses ranging from 4.0 to 10.5 GPa in order to
look at the variation in materinl respounse from
the anotnalous regime to the higher stress regime.
The records show a continuous varintion fromn one
type of history to another. At higher stresses with
a single shock, the initiating How penks further be-
hind the shock wave. ‘This results in slower shock
growth at 6 and 7.2 GPa than at 4 to 5 GPa.

EXPERIMENTAL TECHNIQUE

PETN crystals were subjected to shock using
a light-gns gun facility. DParticle velocity vs time
historles were recorded at the PE'TN/PMMA win-
dow Interface using a velocity Interferometer. Pro-
Joctiles muude of 2024 aluminum were impneted on
Kel-F (polvtrifluorochloroethylene) dises 50 mm
in diameter and 5 mum thick. The PETN ervatals
were imounted on the aluminum-conted, Kel-F dise
with a silicone elustomer. The ervstals had typical
Interal ditmensions of 15 mm.

The measurement systemn used was o dual,
push-pull. VISAR systeni(3) The dual VISAR
with different fringe constants removes unblgu-
ity In determining the particle-velocity: jump at
the shock when extra feinges must be added. The
light wiw transported from the argon-ion lwser to
the target and thenee to the lnterferomoet o table
with tiber optics,

EXPERIMENTAL RESULTS
In previons work( D) nuomnlons detonation wis
nbwerved inw [T10) PETN ervstal fnon waedpe ex-
peciment at ahont 426 GPa, The run distanee to
detonation in wedpe oxperiments was shorter at

ENT 1S UNLIMITED
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FIGURE 1. Particle vs time histories at the

PETN/PMMA interface for a 4.15 GPa input shock at
1.825, 3.47, 4.4, and 5.55 mm PETN thicknesses of [110)
orientation

4.26 GPa than at 8.5 GPa. The run distance nor-
mally would increase and the sensitivity decrease
with decreasing input shock stress. Furthermore,
the run distance was the same at 4.2 Gpa and
at 9.2 Gpa, a double-valued behavior. More ex-
perimental information was needed to clarify the
hehavior. In order to observe the behavior behind
the leading shock wave, a series of four VISAR
experiments was performed at 4.1530.01 GPa on
[110] crystals of different thicknesses in order to
obtain particle vs time histories through the ini-
tintion regime. The first two with crystal thick-

nesses of 1,825, and 3.47 mm were in the region of

constant initial shock velocity in the wedge exper-
iment. The third at 4.44 mm thickness was at the
onset of the intemediate velocity transition. The
fourth experitnent with a crystal thickness of 5,55
mm wns in the region of the intermedinte velocity
transition. The particle velocity vs time histories
abtained at the interface are shown in Fig, 1. It
wis tnexpoected to see n two-wave straeture. In
Ref.?? the leading wave was thought to be the
bulk or plastic wave to the tfinal shock states.

At 1LE25 mm there is a lnrge elastic shock tol-
lowed by plastic wave,  The elastic wave amne.
plitude Is 2.74 Gpa in PETN, "These precursor
strengths are moch nrger than those seen for
input shock strengths of L1 GPac There the
elwtic precursor shoek strength tor [110] ervstals
wis 1O GPno Dependence of elastic procarson
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FIGURE 2. Particle vs time histories at the
PETN/PMMA interface for a computed 4.15 GPa input
shock strength for [001] and {100] orientations. The [001]
crystal thickness was 3.79 mm and the [100] crystal thick-
ness was 2.90 mm.

strength on input shock strength in {110} and (001]
PETN crystals was noted in earlier work(4) for
shock strengths up to 2.7 GPa. Elastic precursor
strengths were as strong as 2.0 GPa after 5 mm of
wave propagation in that work.

There is evidence of exothermic initiation
chemistry causing increasing particle velocity im-
mediately behind the plastic wave. The initiating
flow accelerates the second wave so that it com-
pletely overtakes the elastic shock by about 4.6
mm causing the intermediate velocity fransition.
The detonation transition was at 6.6 £0.2 mm in
the wedge experiment.

In Fig. 2 particle velocity vs time histories
for [001] and [100] orientations for the same in-
put stress are displayed. For the [U01] orientation
an elastic-plastic, two-wave structire is displaved
similut to that observed in [110] orientation. The
olastic precursor strength is 316 GPa, larger than
observ 1 in {110} orientation. However, the initi-
ating wave is weaker than in {110] at that thick-
ness. Inocontrast, the [100] ervstal displavs a sin-
wle wave to the final state followed by o nearly
constant. particle velocity indieative of essentially
inert bohavior.

DISCUSSION OF THE RESULTS
Elastic-Plastle Wave Structure

In the (110} and [001] orientations there is an
elastie-plastic wave straetiee in the region of the



low-shock-stress sensitivity anomaly observed for
(110] crystals. Initiation begins in or immedi-
ately behind the plastic wave. This is consistent
with our model of steric hindrance to shear.(1.2)
In the model the endothermic first step in ex-
plosive decomposition is chemical bond breaking
in the sterically hindered shear flow in the plas-
tic wave or shock. This leads to the exothermic
decomposition steps on the way to initlation of
detonation. especially at low stresses. Our pre-
vious geometric analysis of steric hindrance for
rigid molecules found [110] and [001] orientations
to be hindered and [100] and [101] orientatlons to
be relatively unhindered. These results were cor-
roborated by molecular mechanics analysis of de-
formable molecules for the cases considered, {100],
(101], and [110]. For the [100] orientaticu there
is a single wave with a Hat following flow indica-
tive of no initlation response s consistent with
the minimal steric hindrance for this case. The
small elastic precursor(2) has been overdriven by
the plastic wave at this level of shock strength; l.e.,
the wave speed on the plastic Hugonlot Is faster
than the wave speed on the elastic Hugoniot for
the input particle velocity of 0.616 mm/us. Actu-
ally. the bulk wave velocity from the fit for PETN
gives 3.83 mm/us, whereas measured elastlc wave
velocities for this orientation were 3.42 and 3.73
mmn/us for input shock strengths of 1.14 and 1.56
GPu.(2) So the wave velocition are very close to
the same value.

The two-wave structure explaing another fon-
ture noted in earller work.(1) From photodlode
records of the luminescent. emisslon it was Inferrad
that there wai an absorbing or dark zone behind
the leadlng shock. ‘This Iy conslstent with the
cmlsslon coming from the reglon of the plaatie
wave, not the leading clastic wave, "The Interpre-
tatlon Is that the penk in the photodiode signal
and the subsequent fall in signal level 18 due 1o
quenching of the eminsion in the erystal by the rar-
ofnetion from the free surfuce after arrival of the
plastic: wave, In Fig, 3 particle veloeity records
nre shown of the eliwtle-plastic wave stencture for
(1100 amed [001] orlentations, There ore arrows on
wineh rocord marking the tithe nt which the photo.
diode peak would be based ondata presented n
oir J991 nrtjele.
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FIGURE 3. Particle vs time history at the

PETN/PMMA interface for [110] and [001] crystals
nhocked 1o about 4.16 GI'a. An elastic-plastic,two wave
structure s displaved by both recurds. The plastic wave
is followed by increasing particle velocity due to exother-
mic initlation procensens. In each case the arrow indicates
the inferred position of the peak in emission as determined
from a photdiode record in earlier work. The beginning
of the fall 1n emisvion intensity coinciden roughly with the
beginning of the plastic wave. Thia indicates that the lu-
minescent emission begina at the base of the plastic wave.

‘T'he photodiode records were obtalned for crys-
tal thicknesses different from those used in the
VISAR experimients.  For [110] orientation the
photodiode record was for a crystal 2.79 inm thick
vi 1.825 mm for the VISAR rocord. For [001] orl-
ontation the photodiode record was for a cryatal
3.94 mm thick vs 3.79 mm for the VISAR record.
The input shock stresses were were equal within
0.22 G for {110 orlentation and within 0,11 for
the [001] urientation. An analysis was performed
I the position-time plane to determine the arrival
time for the event associnted with the photodi-
ote peak at the sample thicknesses of the partic'e
veloelty records assitining o constant. veloeity for
the disturbance. Account was taken of the parti-
cle veloeity of the PETN/PMMA Interface In the
VISAR experiment and PETN free surface veloe-
ity in the emission experiment, bat wave interae-
tons were gnoted, The disturbanee areival time
s given by

t 79
' l' SR (1

whers £, s the elastle wove transit thme o the
VISAR oxpetiment. w, Is the velocity of the




PETN/PMMA interface in the VISAR experi-
ment, and Up is the apparent velocity of the
photodiode peak from the photodiode experiment.
The striking result as seen in Fig. 3 is that quench-
ing of the emission begins as soon as the initial
portion of the plastic wave arrives at the free sur-
face, at least within the 10-20 ns accuracy of the
analysis. This implies that the emission originates
from the entire plastic wave not just behind it.
It suggests that onset of emission coincides with
the onset of sterically hindered shear. From time-
resolved spectral measurements this emission was
interpreted as due to excited electronic states of
NO,.(1) This raises the possibility that the emis-
sion is due to direct nonequilibriumn excitation hy
the sterically hindered shear. As suggested in an
earlier article(2) the endothermic tirst step in ini-
tiation may involve nonequilibrium excitation of
molecules on a femtosecond time seale caused by
a mechanical process, sterically hindered shear oc-
curing in the plastic How associated with the uni-
axial strain in a plane shock. It is worth men-
tioning that the calculated homogeneous temper-
ature rise at 4.2 GPa is about 100 °C. The peak
in the spectral data corresponds to 5000 to 6000
K by Wien’s law, an unreasonable heterogeneous
temperature, much higher than detonation tem-
perature. Furthermore the spectral curves do not
fit those of a gray body with constant emissivity.
Rather. the spectra have character of a chemilumi-
nescent edge on the blue side. "This result substan-
tiates the previous conclusion that the observed
emission is due to lutninescence from excited eloce-
tronic states. (1) While we consider the nature and
titning of the emission to be evidenee for a tribo-
luminescent mechanism, the possibility that the
storically hindered shoar canses vibronie uppump-
ing followed by bond breaking. and that the elee-
tronic excited states are due to subsequent chemi-
eal reactions on a nanosecond thane seale catnot be
ruled out. Also, the dihedeal angle changes by ap
to 607, 0 much larger change than that caused by
thermal motion. Ref, (5) suppests ways in which
houd angle distortion ean drastically change the
electrotie state of nomoleende, Our molecular e
chianies results indicated tha signiticant bond an-
ple strain ocenrred in PETN for the most hindered
cases, ()

HMX STUDIES

Work has begun on studying the unit cell of
this monoclinic crystal. The space group is P2, /c
Possible slip systems are being studied for relative
steric hindrance for different possible shock orien-
tations. Because of the reduced symmetry of the
unit cell, there are many more cases to consider
than for PETN. The known sli» systems of an-
thracene and other molecular cry itals of the same
space group have been studied for possible guid-
ance. The importance of twinning in deformation
of HMX is another complication.(6,7) Crystals of
110 and 011 orientations in P2y/n have been cut
into slabs in preparation for VISAR experiments.
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